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Abstract— A new frequency domain hot-
electron bolometer (HEB) mixer model is described,

which takes into account the non-uniform
temperature distribution found in superconducting
diffusion-cooled devices. In this model the

bolometer is discretized into a finite number of
segments, and the non-linear large signal response
to local oscillator and DC heating is found by an

iterative algorithm. A frequency-domain coupling
matrix is introduced to represent small-signal
modulations around the large-signal values of

temperatures and heat flows inside the device. The
coupling matrix and a Norton representation of the
mixer DC and intermediate frequency (IF) circuit
allows the mixer conversion to be calculated.

I. INTRODUCTION

Low-noise Superconducting Hot-Electron Bolometer
(HEB) mixers operating at terahertz frequencics have attracted
significant attention in recent years. This interest is primarily
derived from the spectrometer needs of certain astrophysics
missions, such as the National Aeronautics and Space
Administration’s (NASA) airborne observational platform
SOFIA, and the European Space Agency’s (ESA) spaceborne
far-infrared telescope FIRST. Some of the key issues that
justify the HEB development effort to these missions, besides
the low-noise receiver performance, are the low local
oscillator power requirements and the high (several gigahertz)
intermediate frequency (IF) bandwidths that have been
achieved in the last couple of years [1]-[6]. Analysis of
superconducting hot-electron bolometer mixer performance
has usually been done using lumped model approximations
[71-[9] that are adaptations of the theory developed for
semiconductor devices [10,11]. The device is represented by a
heat capacitance that is connected to a thermal bath via a heat
conductance. This model does not accurately analyze
diffusion-cooled bolometers, since the electron gas in such
devices has a non-uniform temperature distribution. We have

This research was performed by the Center for Space
Microelectronics Technology, Jet Propulsion Laboratory,
California Institute of Technology, and was sponsored by the
National Aeronautics and Space Administration, Office of Space
Science.

previously used a finite-difference time-domain simulation
that models this temperature distribution, which resulted in a
calculated conversion within 2 dB and a calculated device roll-
off frequency within 25% of experimental values [12]. The
calculation used a measured resistance-versus-temperature
(RT) curve, but did not otherwise take into account any
effects particular to superconductors, such as the coherence
length. Another approach is described in [13], where the
temperature profile is included in the model, and the film
resistivity is assumed to change abruptly from zero to the
normal state resistivity where the local temperature equals the
film critical temperature.

In this paper we introduce a frequency-domain model for a
diffusion-cooled HEB, that has two advantages compared to
the time-domain simulation in [12]. The first is that no easy
general rule exists for choosing the time-step that is used in
the time-domain formulation, and as a result it must chosen
small enough to result in rather lengthy calculations. The
second advantage is that we expect that it will be easier in the
future to include a representation of thermal fluctuation noise
into the frequency-domain model. A potential drawback is that
this frequency-domain model is inherently linear, so that
mixer saturation effects cannot be accurately included in a
straightforward way.

II. LARGE-SIGNAL AND SMALL-SIGNAL DEVICE MODELS

The temperature distribution in a diffusion-cooled
superconducting hot-electron bolometer is determined by the
DC and high-frequency (RF) heating, and by internal heat
conduction that is proportional to the temperature in
accordance with the Wiedemann-Franz law:
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conductivity at temperature Ty, and T is the temperature. If
the local oscillator (LO) frequency is higher than the
superconducting gap frequency, the total RF heating power

2P, is uniformly distributed throughout the device. The one-
dimensional differential equation for the steady-state
temperature field in the bolometer can then be written in the
form
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where I is the DC current, and w,h,L are the width,
thickness and length of the device. pis the temperature
dependent film resistivity, and x is the distance from the
center of the bolometer. The differential equation is non-
linear, and without substantially simplifying the expression
for p, no general closed-form solution may be found.
Therefore, a numerical model is used here, in which the device
is discretized into a finite number of segments, each with its
own temperature, resistance, heat conductance and heat
capacitance, see Fig.1. This discretization is a mathematical
tool only, and the segment size does not by itself represent
any physical size parameter in the device, such as the
coherence length &. The length of each segment must be

chosen significantly smaller than any spatial variations in the
physical parameters that are described by the model. Since the
bolometer is symmetric, only half the device needs to be
modeled.

The large-signal temperature profile inside the device is
calculated using an iterative finite difference method. Each
device bias point is represented by the temperature of the
central segment, and the temperatures of the other segments
are calculated using the heat flow equation with the high-
frequency RF heating and the heating due to the DC current in
each and every element taken into account. The RF heating is
assumed to be uniform throughout the device, and the RF
resistance of the device is assumed to be the equal to the DC
normal resistance. The DC resistance of each segment is
calculated using the local segment temperature and a
predefined resistance-versus-temperature (RT) curve. The
temperature of the end element is compared to the ambient
temperature, and the DC current in the simulation is then
adjusted repeatedly until the two agree. Each point on the
device current-voltage (IV) curve is thus uniquely represented
by the device center temperature at a fixed O power level.
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Fig. 1. The figure shows the discretization that is used in the
large-signal model. Because of the symmetry, only half of the
device needs to be considered. Tamb is the temperature of the
normal metal contacts to the device. The total length of the
device is L=2nAx.

It is assumed that the LO and signal frequencies
sufficiently exceed the device response time, and even the

superconducting gap frequency, so that the effect of the signal
can be seen as a time-dependent modulation of the uniform
RF heating at the intermediate (IF) frequency. It is also
assumed that this modulation is so small, that all resulting
effects on physical parameters can be seen as linear
perturbations of those parameters (the small-signal limit).
The linearity makes it very straightforward to formulate a
frequency domain representation for the heat dissipation and
conduction processes in the device, and to join this
representation with a model of the DC and 1F embedding
circuit. The temperature dependent heat capacity of each
segment, as well as the Wiedemann-Franz heat conductance
between adjacent elements, are calculated from the
temperatures given by the large signal model. The entire
bolometer is modeled as a thermal circuit using the same
formalism as for small-signal electrical networks, Fig.2 .
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Fig. 2. Small-signal thermal model of the discretized bolometer.
Element number 1 is at the center of the element. The element at
the other end of the chain (not shown) is connected to the
“thermal ground”, since it is heat-sunk to the ambient
temperature.

AT, AT,

Heat dissipation in the segments is described as a number of
independent current sources ( APy, AP, et cetera), which affect

the segment temperatures (AT,, AT, et cetera) through a
coupling matrix A,

[AT ) =[Au], [AR), , 3)

where brackets denote vectors and matrices. The matrix A can
easily be calculated from its band-matrix inverse:

(JoC +G)) (-G)) 0
[A]"' _ -Gy (JuC, + G, +Gy) (-Gy)
0 (-Gy)

et c.
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III. CALCULATION OF CONVERSION GAIN
The mixer conversion can be calculated using the matrix

description of the device. In the small-signal limit the heat
dissipation in segment k can be written as

APy = AP + APy = AP + 2Ry (ToAl + IgARk ,  (9)



Where AP, is the modulation in RF heating due to the
beating between signal and LO, and APy, is the heating by

the DC/IF low-frequency current through the device. /, and

Al are the large-signal (DC) and small-signal currents
through the device. Ry, and AR, are the large-signal and

small-signal resistances of element k. The total small-signal
modulation AR of the device resistance R is

AR=Y AR, , (©6)
k

where AR, is the small-signal resistance of element k. With

the expressions above for the heating and the coupling matrix
A, AR; can be expanded:
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At this point a model of the DC/IF embedding circuit is
needed. One of the simplest (and most useful) networks is the
Norton equivalent current source shown in Fig.3 . It provides
formulas for the DC bias current I, the device IF current Al

and IF voltage AV

ISRS
=35 , 8
0 Ry + Ry ®)
1y
Al =— -AR , )
Ry + Ry
AV =—Rg - Al , (10)

where Ig is the DC source current in Fig.XYZ. Since the

device sees a passive IF output network, the IF current source
value is 0. Ry is the impedance of the IF system.
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Fig. 3. The DC/IF embedding circuit is a Norton equivalent
source at DC, and a passive load at the IF frequency.

The expression for AR, above can now be rewritten as the
matrix equation
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where &, =1for k=1, 8, =0 for k #1. The equation
above takes mismatch to the IF load into account (including

self-heating effects). For simplicity, a response parameter E
can be defined:

Y AR,
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k

APy, (13

The time domain local oscillator and signal voltage over the
bolometer can be written:

V0o cos@ ot + Vg cos gt (14)
The modulation of the RF heating at the IF is
AP, = YioVs (15)
R
N
so that the intermediate frequency voltage can be written:
R:I RZ1 VoV
AV = S’S 5 S’S 2'E' LOYS 16)
(Ry + Ry) (Ry + Ry) Ry

The conversion efficiency 7] is the ratio between the IF
power coupled to the load Rg and the signal power coupled to
the device:
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IV. DISCUSSION

It should be noted that the theoretical model of
bolometric mixing described in this paper is by no means
complete. It does not treat in adequate detail effects that can
occur in extremely short bridges, where the electron-electron
scattering length can be comparable in size or greater than the
device length. It also does not treat some relevant effects that
are specific to superconductors, such as the coherence length
&. A more complete mixer theory should also include

thermal fluctuation noise, and we believe that our model can
be extended to include this by introducing a random noise
source into each of the device segments. Development of this
noise model, as well as a numerical implementation of the
theory in this paper are both underway, and will be presented
in a future publication.



SUMMARY

We have developed a new frequency-domain theoretical
mixer model for diffusion-cooled hot-electron bolometers, that
uses a finite-difference method to determine the steady-state
large signal parameters of the device, and a matrix equation
formulation to calculate the small-signal conversion
efficiency. In the small-signal model, the device is represented
by a thermal circuit that is analogous to an electrical network.
The circuit "components" are heat capacitances and heat
conductances that are calculated from the large-signal model,
and heat sources that represent dissipation of RF and low-
frequency power. The thermal model is combined with an
electrical circuit representation of the DC/IF embedding
network, so that self-heating effects will be correctly included
into the model.
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